Sol-gel barium strontium titanate ( Ba 0.6 Sr 0.4 TiO 3 ) thin films with different grain sizes have been successfully fabricated as metal-insulator-metal (MIM) capacitors. The perovskite structure of the material has been confirmed via X-ray diffraction (XRD). In order to correlate the effect of the grain size to the conduction mechanisms of these films, atomic force microscopy (AFM) results are presented. The grain size shows an important effect on the conduction mechanism for the films. The results show that as the grain size increases, both the impedance and the permittivity of the films decrease, whereas the conductivity shows an inverse variation. The Z * plane for all films shows two regions, corresponding to the bulk mechanism and the distribution of the grain boundaries-electrodes conduction process. M versus frequency plots reveal non-Debye relaxation peaks, which are not able to be observed in the ε plots. Alternating current (AC) conductivity versus frequency plots show three regions of conduction processes, i.e. a low-frequency region due to direct current (DC) conduction, a mid-frequency region due to translational hopping motion, and a high-frequency region due to localized hopping and/or reorientational motion.
Introduction
Ferroelectric materials have been extensively studied in their thin film form, mainly for application as multilayer ceramic capacitors and dynamic random access memories. Among numerous ferroelectrics, barium strontium titanate ( Ba x Sr 1−x TiO 3 ) or BST in thin film form is considered to be one of the leading candidates for microelectronic devices due to its low-cost synthesis, high dielectric constant, low dielectric loss, and composition dependent Curie temperature, which can be controlled by adjusting the barium-to-strontium ratio [1, 2] .
The grain size plays a significant role in determining the electrical properties of the polycrystalline materials [3] , since they are related directly to the grain boundaries area. Furthermore, the grain boundaries mainly affect on the conduction mechanism and the relaxation phenomenon of the material, thus it is necessary to separate the conductivity due to grain boundaries from that of the bulk [4] . Impedance spectroscopy has been proven to be a powerful technique to study many of the electrical properties of materials and the contribution of the bulk, the grain boundaries, and the electrodes interface regions on the dielectric relaxation phenomenon [5 -7] . Relatively few studies employ the impedance spectroscopy to study BST in thin film form. Czekaj et al. reported the impedance behaviour of homogeneous Ba 0.6 Sr 0.4 TiO 3 and inhomogeneous BST thin films on a stainless steel substrate [6] . Agarwal et al. studied the electrical conduction of BST in metal-insulator-semiconductor (MIS) structure under humid conditions [8] . In a previous work, the frequency dependence of the electrical properties of Ba 0.8 Sr 0.2 TiO 3 thin films has been studied using an impedance spectroscopy [9] .
In this work, the effect of the grain size on the conduction mechanism of Ba 0.6 Sr 0.4 TiO 3 thin films has been studied. To obtain films with different grain sizes, films of different thicknesses have been prepared. In order to correlate the grain size with the conduction mechanism of the films, impedance, permittivity, electric modulus, and AC conductivity frequency dependent plots have been presented. The measurements are c 2011 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com performed using impedance/gain-phase analyzer in the frequency range of 1 Hz -1 MHz at room temperature.
Experiment
A Ba 0.6 Sr 0.4 TiO 3 solution was prepared using barium acetate, strontium acetate, and titanium(IV) isopropoxide as starting material. The preparation details for the solution can be found somewhere else [10] . The solution was deposited on Pt/ SiO 2 / Si substrate by spin-coating at 5000 rpm for 20 s, followed by baking at 200 • C for 20 min and heating at 500 • C for 30 min to vapourize the organic solvent. The deposition and heating processes were repeated until three samples A, B, and C of different thicknesses are obtained. Finally, the films were annealed at 800 • C for one hour in oxygen atmosphere.
The crystallization of the material was determined using a X-ray diffractometer (XRD), with a CuKα radiation source (λ = 1.54Å), operated at a voltage of 40 KV and a current of 40 mA. The surface morphology of the films was investigated using an atomic force microscope (AFM) (SPA400, SII Nanotechnology Inc.), operated in contact mode. The metalferroelectric-metal (MFM) configuration was used for the dielectric measurement with 7.85 · 10 −3 cm 2 aluminium dots as a top electrode. The impedance and dielectric measurements were performed using an impedance gain/phase analyzer (Solartron 1260) in the frequency range of 10 Hz to 1 MHz at room temperature.
Results and Discussion

Microstructure Analysis
X-ray diffraction patterns for Ba 0.6 Sr 0.4 TiO 3 are shown in Figure 1 . It can be observed from the figure that the diffraction peaks are (1 0 0), (1 1 0), (1 1 1), (2 0 0), (2 1 0), and (2 1 1) within the 2θ range from 20 • to 60 • , furthermore, the measured a-axis and c-axis lattice parameters are equal, a = c = 3.965Å, indicating that the film is crystallized with the cubic structure phase.
In order to measure the films' thickness, the films were partially dipped in a diluted hydrofluoric acid (HF) and the resulting step-profile thickness was measured with a profilometer. The thickness of Sample A, Sample B, and Sample C are found to be 180 nm, 234 nm, and 450 nm, respectively. To obtain consistent results for the AFM, each sample was subjected to three different scanned positions of an 1 µm × 1 µm area, as shown in Figure 2 . The micrographs show a good quality surface. The average of the grain size for Sample A, Sample B, and Sample C were measured to be 79 nm, 102.4 nm, and 145.8 nm, respectively. This indicates that the grain size increases as the film thickness increases. The increment of the grain size can be explained by considering the grain growth during the deposition and annealing process of the layers. During the deposition process the films were heated at 500 • C for 30 min after each layer. This temperature was enough to grow the BST grains, so the next layer deposition was carried out over films with established grain boundaries and the solution was spread over all these grains randomly. Thus bigger grains were obtained after the heating and annealing of the new layer [10] .
Electric and Dielectric Measurements
The complex impedance Z * ( f ) of the BST system can be described by the following equation:
where Z and Z represent the real and imaginary part of the impedance, respectively. The variation of Z and Z with frequency for the films used in this work is given in Figures 3a and 3b . The magnitude of Z decreases with the increase in both frequency and film thickness, indicating an increase in the AC conductivity of the material, and then all curves merge at frequencies > 10 3 Hz to attain a constant value. Furthermore, the variation of Z with frequency reveals that the Z values reach a maximum Z max , showing a peak. Such behaviour indicates the presence of relaxation in the system. Moreover, the peak maximum Z max decreases as the film thickness increase, indicating an increase in the conductivity. In order to obtain full understanding for the effect of film regions on the conduction mechanism for the films used in this work, a Nyquist plot (Z vs. Z ) is used as shown in Figure 4 . All the films show two regions: a semicircular arc at the high frequencies region attributed to the electrical properties of the films' bulk and a depressed semicircle attributed to the grain boundaries and electrodes processes contribution to the polarization mechanism. It is observed that the bulk arc and the grain boundaries-electrode semicircle are more distinguishable for thicker films, which could be attributed to the grain size effect.
From Figures 3 and 4 , it can be observed that the total impedance of the films decreases as the film thickness increases, which is attributed to the grain size effect. The increment in the bulk and grain boundaries resistance is attributed to the conduction mechanism at the grain-grain boundaries. During the heat treatment for the films in an oxygen atmosphere, oxygen atoms accumulate at the interfaces, creating many electron traps at the grain boundaries surfaces [11] ; as a result, the interfaces trap electrons from the adjacent grains. This electrons cross over the grain barrier and flow into the grain boundary layers, filling the traps first and then accumulating at the grain boundary interfaces forming a space charge [11, 12] . However, as the grain size decreases, the number of charge carriers reduces due to the continued electron loss to the grain boundaries. Furthermore, the AFM results show that Sample A has the smallest grains; therefore, it has the highest resistance. Hence, as the grain size decreases the area of the grain boundaries and electrode interfaces increase [13, 14] , and this leads to an increase in the grain boundaries-electrode resistance due to the increase of the space charge density.
The study of the dielectric properties is another important source of valuable information about conduction processes since it can be used to understand the origin of dielectric losses and electrical and dipolar relaxation time [15] . For this matter, the dielectric per- mittivity and the electric modulus were determined from the measured values of the impedance using the following relations [16] :
and [17] 
where ε and ε are the real and imaginary components of the dielectric permittivity, respectively, whereas M and M are the components of the electric modulus. Figure 5 shows the variation of ε with the frequency for tested films at room temperature. It is observed that the value of ε for all the films decreases as the frequency increases and attains a constant limiting value, at which ε becomes almost frequency independent. The high value of the dielectric constant at low frequencies can be explained as an accumulation of charges at the interfaces between the sample and the electrodes, i.e., Maxwell-Wagner polarization and interfacial polarization [18] . As the frequency increases, the dipoles in the samples can not reorient themselves fast enough to respond to the applied electric field resulting in the decrease of ε . On the other hand, at higher frequencies, it has been observed that the ε value increase as the film thickness decreases, which is attributed to the decrease in grain sizes. AFM results show that the thinner films have smaller grain sizes, which implies a larger grain boundaries area. However, it can be considered that the grains and the grain boundaries act as interior capacitors network, since the grains are more conducting compared to the grain boundaries [19] . This implies that the effective capacitance of the film increases with the grain size decrease, due to the increase of the grain boundaries area. As a result, the overall dielectric constant of the film increases with grain size decrease. Figure 6 shows the frequency dependence of the imaginary part of the dielectric constant (dielectric loss) ε for Sample A, Sample B, and Sample C films at room temperature. Similar features for dielectric loss are observed as for dielectric constant. There are no appreciable relaxation peaks observed in the frequency range employed in this study. It is believed that the ionic conduction may mask any relaxation mechanism.
In order to reveal the relaxation peak in the ε plot, the effect of electrode polarization must be excluded. This can be achieved by following the electric modulus approach, since the electric modulus corresponds to the relaxation on the electric field in the material when the electric displacement remains constant. This approach can be effectively used to separate out the electrode effects which mask the dielectric relaxation. Figure 7 shows M versus frequency plots for Sample A, Sample B, and Sample C. For Sample A and Sample B, M shows a broad and asymmetric peak located in the range of ∼ 50 Hz to ∼ 2 kHz. The maximum of this peak shifts toward higher frequencies as the film thickness increases. In Sample C, a broad peak is noticed at low frequencies ∼ 70 Hz and a well-defined peak at medium frequencies ∼ 6.4 kHz. The frequency range where the peak occurs in the M plot indicates the transition from long range to short range mobility [13, 20] . The modulus plot can be characterized by full width at half maximum (FWHM) or in terms of a nonexponential decay function. The stretched exponential function is defined by the empirical KohlrauschWilliams-Watts (KWW) relationship [13, 20] 
where τ is the characteristic relaxation time and β the Kohlrausch parameter, which represents the deviation from a Debye-type relaxation (β = 1) and decreases with the increasing of the relaxation time distribution. The value of parameter β is calculated by extracting FWHM of the modulus peaks using β = 1.14/FWHM. It has been found that the values of β for Sample A, Sample B, and Sample C films are 0.57, 0.76, and 0.87, respectively. This indicates that the relaxation process for all the tested samples is of non-Debye type. Furthermore, the smaller the value of β , the greater the deviation with respect to Debye type relaxation [21] . However, the low frequency peak in Sample C film is considered to be a non-Debye peak also since it is too broad.
The study of frequency dependent conductivity is a well established method for characterizing the hop- ping dynamics of the charge carrier/ions [11] . Figure 8 shows the typical frequency dependence of AC conductivity (σ AC ) for various film thicknesses. The frequency dependence of AC conductivity is usually characterized by a power law as given below [22 -24] :
where A is a temperature dependent constant and n is the frequency exponent, which can be determined from the measured results. It is observed from Figure 8 that all films show two threshold frequencies, f 1 and f 2 , separating the entire variation into three regions: (i) Low frequencies region, f < f 1 , in which the conductivity is almost frequency independent, called σ DC .
(ii) Moderate frequencies region, f 1 < f < f 2 . The conductivity increases linearly with the frequency. The values of n are obtained by fitting σ versus f plots in this region, which are found to be located between 0.51 and 0.53, i.e. 0 < n < 1. This reveals that the conduction mechanism in this region corresponds to the translational hopping motion [23, 24] . (iii) High frequencies region, f > f 2 . The conductivity increases linearly with the frequency. In this region the n values vary between 1.26 and 1.75, i.e. 1 < n < 2. This reveals that the conduction mechanism in this rang of frequency corresponds to the well localized hopping and/or reorientational motion [22, 23] .
It is also observed from Figure 8 that the conductivity increases as the film thickness increases; this is attributed to the grain size effect. AFM results show that the films of less thickness have smaller grains, which leads to a larger grain boundaries area. This in turn gives rise to higher density of the charges accumulated at the interfaces. These charges act as to block any mobility for the free carrier, thus, the conductivity of the film decreases as a result. These results agree very well with the impedance results in Figures 3 and 4. 
Conclusion
Perovskite-type Ba 0.6 Sr 0.4 TiO 3 thin films with different grain sizes of 79 nm, 102.4 nm, and 145.8 nm have been successfully fabricated as MIM capacitors using sol-gel technique. The grain size shows an essential effect on the conduction mechanism for the films. The results show that as the grain size increases, the impedance and the permittivity of the films decrease, whereas the AC conductivity shows an inverse variation. The Z * plane for all the films shows two regions, corresponding to the bulk mechanism and the distribution of the grain boundaries-electrodes conduction process. M versus frequency plots reveal nonDebye relaxation peaks, which are not able to be observed in ε plots. AC conductivity versus frequency plots show three regions of conduction processes, i.e. a low-frequency region due to DC conduction, a midfrequency region due to translational hopping motion, and a high-frequency region due to localized hopping and/or reorientational motion.
